Aromatase has been shown to be expressed at a higher level in human breast cancer tissue than in normal breast tissue, by means of enzyme activity measurement, immunocytochemistry, and RT-PCR analysis. Cell culture including MCF-7 breast cancer cells, animal experiments using aromatasetransfected breast cancer cells, and transgenic mouse studies have demonstrated that estrogen production in situ plays a more important role than circulating estrogens in breast tumor promotion. In addition, tumor aromatase is believed to be able to stimulate breast cancer growth through both autocrine and paracrine pathways, as demonstrated by a three-dimensional cell culture study. RT-PCR and gene transcriptional studies have revealed that the aromatase promoter is switched from a glucocorticoid-stimulated promoter, I.4, in normal tissue to cAMP-stimulated promoters, I.3 and II, in cancerous tissue. Recently, we identified and characterized a cAMP-responsive element (CREaro) upstream from promoter I.3 by DNA deletion and mutational analyses. Our results from promoter functional analysis also demonstrated an interaction between the CREaro and the silencer element (S1) that was identified previously in our laboratory. In the presence of cAMP, the positive regulatory CREaro can overcome the action of the silencer on the function of promoter I.3. On the basis of results generated from our own and other laboratories, we propose that, in normal breast adipose stromal cells and fibroblasts, aromatase expression is driven by promoter I.4 (glucocorticoid dependent), and that the action of promoters I.3 and II is suppressed by the silencer negative regulatory element. However, in cancer cells and surrounding adipose stromal cells, the cAMP level increases, and aromatase promoters are switched to cAMP-dependent promoters -I.3 and II. Furthermore, we applied the yeast one-hybrid screening method to search for proteins interacting with the silencer element, S1. The major protein identified was ERRα-1; however, SF-1, which is present in the ovary, is not detected in breast cancer tissue. Using a reporter plasmid with the aromatase genomic fragment containing promoter I.3 and S1, in breast cancer SK-BR-3 cells, ERRα-1 was found to have a positive regulatory function. It is believed that the silencer element in the human aromatase gene may function Endocrine-Related Cancer (1999) 6 149-156 differently in different tissues, as a result of distinct expression patterns of transcription factors.
Aromatase expression in breast cancer tissues James et al. (1987) reported that aromatase activity, when measured in vitro, was found to be higher in breast tumors than in the fat next to the tumor or in normal breast fat. In addition, Miller & O'Neill (1987) found a highly significant correlation between aromatase activity and the presence of tumors in individual quadrants of breast tissue. Miller et al. (1997) further demonstrated that fibroblast cultures derived from tumor-bearing quadrants tended to display higher aromatase activity than cultures derived from non-tumor-bearing quadrants. By quantitative PCR analysis, adipose stromal cells surrounding the cancer cells have also been shown to contain aromatase mRNA at a higher level than that in adipose stromal cells in noncancerous areas (Bulum et al. 1993 , Harada 1997 . The aromatase mRNA levels (4.53±0.66×10
−3 amol/µg RNA) in the breast cancer tissue were found to increase significantly compared with non-malignant breast tissues (1.73±0.40× 10 −3 amol/µg RNA; Harada 1997) . It has also been reported that the concentrations of estrogens in breast tumor tissues were found to be several-fold greater than those in plasma in postmenopausal patients (Pasqualini et al. 1996) . These results support tumor accumulation and in situ synthesis of estrogens. We have detected aromatase mRNA in 67 of 70 breast tumor specimens (Zhou et al. 1996b ).
Immunocytochemical analysis from our laboratory first identified the presence of aromatase in breast cancer epithelial and stromal cells (Esteban et al. 1992) , while others had reported the presence of aromatase only in the stromal tissue (Santen et al. 1994 , Sasano et al. 1994 . Our findings have been confirmed by independent in situ hybridization studies and cell proliferation assays showing that aromatase is expressed in breast cancer epithelial cells (Lu et al. 1996) . Therefore, it can be stated that aromatase is expressed in breast cancer tissue, probably at a higher level than in normal breast tissue, as demonstrated by enzyme activity measurement, immunocytochemistry, and RT-PCR analysis.
Consequence of aromatase expression in breast tumors
The MCF-7 breast cancer cell line is estrogen receptor (ER) positive and is often used as a model cell line to demonstrate the estrogen dependence of breast cancer growth. Although the aromatase gene was found to be amplified in MCF-7 cells, as shown by Southern and DNA slot blot analyses Kitawaki et al. (1992) reported that, by converting androgen to estrogen, the endogenous aromatase enzyme in the MCF-7 breast cancer cells (ER-positive cells) could stimulate DNA synthesis, and the stimulation was abolished by the administration of aromatase inhibitors. Burak et al. (1997) demonstrated that androgen elicited an estrogen-induced response in MCF-7 cells through aromatase. These results indicate that aromatase, at a level as found in MCF-7 cells, is capable of generating sufficient estrogen to evoke an estrogen-dependent response. We recently confirmed that, in a steroid-deprived condition, a 5-day incubation of 1 nM estradiol increased the proliferation of MCF-7 cells fourfold, with an ED 50 at 0.01 nM (Fig. 1a) . It was also found that a 5-day incubation of 10 nM testosterone increased the proliferation of MCF-7 cells threefold, with an ED 50 at 1 nM (Fig. 1b) . Interestingly, the effective concentrations of testosterone are over ranges similar to the K m values of testosterone for aromatase , suggesting that the growth response of MCF-7 cells to testosterone is correlated with the rate of testosteroneestradiol conversion by aromatase. These experiments demonstrate that in situ estrogen biosynthesis in breast cancer cells can play an autocrine role to promote the growth of cancer cells.
In 1991, an aromatase expressing the MCF-7 cell line (expressing aromatase at a level 10 times that of the untransfected MCF-7 cell line (Zhou et al. 1990) ) was prepared in our laboratory and was successfully used as a model to demonstrate an androgen-dependent cell growth (Santner et al. 1993) . In addition, tumors were grown in (a) ( b ) Figure 1 Induction of the proliferation of MCF-7 cells by estradiol (a) and testosterone (b). MCF-7 cells were cultured in 96-well plates in Eagle's minimal essential medium with non-essential amino acids, sodium pyruvate and Earle's salts, in the presence of 5% charcoal/dextran-treated serum. The experiments were initiated with 5000 cells per well and were incubated with estradiol or testosterone at the indicated concentrations. After incubation at 37 °C for 96 (t) and 120 (q) h, cell proliferation was measured by MTT assay (Tada et al. 1986) . nude mice inoculated with the aromatase-transfected MCF-7 cells together with Matrigel (Yue et al. 1994) . The tumor growth was accelerated by injections of androstenedione. Such nude mouse models are being used to examine the growth responses to aromatase inhibitors. In addition, results obtained from studies using a transgenic mouse model in which aromatase is overexpressed in mammary tissues indicate that in situ produced estrogen plays a more important role than circulating estradiol in breast tumor promotion (Tekmal et al. 1996) .
The above-described investigations have generated critical results supporting the theory that in situ aromatase can play a role in promoting breast tumor growth. However, the studies do not address important issues as to the interactions between aromatase-expressing and nonaromatase-expressing cell subpopulations that may affect growth rates and drug (e.g., aromatase inhibitor) sensitivity. In addition, it has not yet been shown whether the tumor cell subpopulations that express aromatase manifest a growth advantage within the tumors. Through a 1-year selection of the previously reported aromatase cDNAtransfected MCF-7 cells with G418, followed by clonal purification, we have obtained an MCF-7 cell line (MCF-7aro) that expresses aromatase in a stable manner, as demonstrated by a steady expression of the enzyme during culture in the absence of G418 (Sun et al. 1997) . In order to substantiate the findings made by using MCF-7aro, we also prepared an aromatase-expressing T-47D cell line (T-47Daro) and used it in our study. T-47D cells are also ER-positive. T-47Daro was established through a long-term selection with G418, but without the clonal purification. Therefore, it is possible that T-47Daro contains a mixture of cells expressing different levels of aromatase.
In order to test the hypothesis that tumor aromatase can affect breast tumor growth in a paracrine manner, we have carried out three-dimensional cell culture experiments by co-culturing MCF-7 cells with either MCF-7aro or T-47Daro cells. Testosterone (1 nM) increased cell growth to a similar degree for MCF-7/MCF-7aro co-culture (0.75 million cells each type) as with MCF-7aro only (two-to threefold). Testosterone also increased the growth of MCF-7 cells, but to a lesser extent than MCF-7aro or MCF-7/MCF-7aro culture (Sun et al. 1997) . In addition, the enzyme specific activities remained unchanged for MCF-7/MCF-7aro co-culture samples with and without androgen treatment, indicating that estrogen produced by transfected cells can also stimulate the growth of untransfected cells. The androgen response could be inhibited by an addition of 4-hydroxyandrostenedione (0.01-0.1 mM). For MCF-7/T-47Daro co-culture experiments, a clear induction of cell growth by androgen was observed and the level of the increase was similar to that on T-47Daro only. However, for either culture with T-47Daro only or with MCF-7/T-47Daro co-culture, the aromatase activity was found to increase significantly after testosterone treatment. Because T-47Daro cells were not subjected to a clonal purification, it is believed that the androgen treatment may selectively stimulate the growth of T-47Daro cells expressing high levels of aromatase. These results indicate that estrogen synthesized by the tumor aromatase can stimulate breast tumor growth in both an autocrine and a paracrine manner.
In summary, aromatase is mainly expressed in adipose stromal cells and fibroblasts in normal breast tissue. The estrogens stimulate epithelial cell growth through a paracrine mechanism. However, in breast tumor tissue, aromatase is found to be expressed in both stromal and cancer cells. Therefore, aromatase stimulates breast tumor growth in both an autocrine and a paracrine manner.
Transcriptional regulation of aromatase expression in breast tumors
A complex mechanism is involved in the control of human aromatase expression. At least eight exons I have been reported. By performing primer-specific RT-PCR analyses, we and investigators from two other laboratories (Zhou et al. 1996b , Bulun et al. 1997 , Harada 1997 have found that exons I.3 and PII are the two major exons I present in aromatase mRNAs isolated from breast tumors. These results suggest that promoters I.3 and II are the major promoters directing aromatase expression in breast cancer and surrounding stromal cells and fibroblasts. These findings indicate that there is a switch of the regulatory mechanism of aromatase expression from normal breast tissue to cancerous tissue. It is known that adipose stromal cells and fibroblasts isolated from noncancerous tissue have mainly exon I.4 containing aromatase mRNA (Harada 1993 .
Characterization of the region upstream of exon I.4 revealed the existence of a TATA-less promoter and an upstream GRE and an Sp1 sequence (Zhao et al. 1955) . These elements were shown to be required for expression of reporter gene constructs in the presence of serum and glucocorticoids. In addition, a GAS (interferon-γ activating sequence) element was also identified near promoter I.4. Studies from Simpson's laboratory (Michael et al. 1995 have revealed that promoter II is a cAMP-responsive promoter. In addition, forskolin treatment leads to an increase of the exon I.3-containing message in cultured breast adipose stromal cells (Harada 1997) . Therefore, aromatase promoter switches from a glucocorticoid-stimulated promoter, I.4, in normal tissue to cAMP-stimulated promoters, I.3 and II, in cancerous tissue. It is further proposed that an increase of the usage of promoters I.3 and II in tumor tissue results from an enhanced cAMP production.
Stimulation of tumor aromatase expression by cAMP
Investigations from Simpson's laboratory (Michael et al. 1995 suggest that the Ad4BP/SF-1 element and a CRE-like sequence upstream from promoter II are critical for the cAMP induction of promoter II in ovary tissue. The Ad4BP/SF-1 element reported by Michael et al.(1995) is positioned within the silencer (S1) element identified by us . As published previously from our laboratory (Wang & Chen 1992 , the silencer downregulates the transcriptional activity of promoters I.3 and II in breast tissue. Promoter I.3 and S1 were characterized functionally in our laboratory (Zhou et al. 1996a . Recently, we demonstrated that promoter I.3 is a cAMP-responsive promoter by the demonstration of the induction of its activity by cAMP and by the identification of a CRE, CREaro, between -66 bp and -59 bp relative to the transcription start site of promoter I.3. CREaro was identified by DNA deletion and mutation analyses, together with chlorampenicol acetyltransferase (CAT) functional analysis (unpublished observations). These results indicate that promoter I.3 is upregulated by a CRE that is different from that identified for promoter II. Recent RT-PCR analysis from our laboratory has revealed that SF-1 is not expressed in breast cancer tissue in contrast to the ovary (unpublished observations). These findings may explain why cells transfected with a CAT reporter construct containing promoter I.3, the Ad4BP/SF-1 element and the CRE-like sequence (+ 16/ +24 bp) reported by Michael et al. (1997) do not respond to forskolin treatment (unpublished observations from our laboratory). It may be that cAMP activation of promoter II in breast cancer tissue involves the interaction of the CRElike region (+16/+ 24 bp) and a different transcriptional factor that is expressed in breast cancer tissue and binds to the site for Ad4BP/SF-1. Our recent yeast one-hybrid screen studies have identified several nuclear receptors that can bind to this regulatory region (discussed further below).
As, after forskolin treatment, the CAT activity in tumor fibroblasts transfected with a plasmid containing both CREaro and the silencer has been found to be similar to that in cells transfected with a plasmid containing only CREaro (unpublished observations), a functional interaction between the CREaro and the silencer elements is suggested. In the presence of cAMP, the positive regulatory CREaro can overcome the negative regulatory action of the silencer on the promoter function of promoter I.3. We feel that this finding is very important because it provides a molecular basis for the mechanism by which aromatase promoter usage is switched from normal to cancerous tissue. Our current hypothesis is that, in normal breast stromal cells, aromatase expression is regulated by promoter I.4 mediated through glucocorticoid, and the action of promoter I.3 and II is suppressed by the silencer (Fig. 2a) . However, in cancer tissue, cAMP production increases and aromatase promoters are switched to cAMPdependent promoters -that is, I.3 and II (Fig. 2b) .
Exon I.6, a newly identified exon I that is upstream from exon I.3 (Fig. 2) , was recently reported and detected mainly in THP-1 cells (Shozu et al. 1998) . Exon I.6 variants containing exon I.3 have also been found. While we cannot rule out the possibility that some exon I.3-containing messages detected in breast tumor tissue by RT-PCR are derived from the unspliced I.6-containing messages, several features of exon/promoter I.6 suggest that exon I.3 detected in breast cancer tissue may not be directly related to exon I.6. Unspliced I.6 variants are minor species in comparison with the fully spliced I.6 and have been detected so far in THP-1 cells, JEG-3 cells, and phorbol myristate (PMA)-treated adipose stromal cells (Shozu et al. 1998 ). Furthermore, cAMP or forskolin does not stimulate promoter I.6 and actually suppresses the induction of promoter I.6 by PMA or dexamethasone. This may be another control mechanism -cAMP stimulates promoter I.3 and suppresses promoter I.6 in breast tumors.
We have identified another negative regulatory region (labeled as TGFβ in Fig. 2) immediately upstream from CREaro. This region has not yet been fully characterized.
Aminoglutethimide (AG) is an aromatase inhibitor used to treat estrogen-dependent breast cancer. AG is effective in inhibiting aromatase, but it has been found that aromatase activity in tumors of some breast cancer patients was increased after AG treatment (Miller & O'Neill 1987) . These results may explain why some patients failed to respond to therapy after extensive AG treatment. Recently, we found that AG treatment increased aromatase activity in SK-BR-3, JAR, and HepG2 cell lines in a dose-and incubation time-dependent manner. AG induction is believed to occur at the transcriptional level because the aromatase mRNA level increased after AG treatment in SK-BR-3 and HepG2 cells, as demonstrated by RT-PCR analysis. Furthermore, AG treatment did not increase aromatase activity in aromatase cDNA-transfected cell lines (driven by the β-actin promoter). Our primer-specific RT-PCR analysis revealed that, in SK-BR-3 cells, AG enhanced the action of a promoter that is different from promoter I.1, I.3, or II. Furthermore, because the AG induction was found to be suppressed by SQ 22536, an adenylate cyclase inhibitor, a cAMP-dependent mechanism might be involved. Therefore, AG induces aromatase expression in the breast cancer tissue through a cAMP-dependent, but not a promoter I.3 (or II)-mediated mechanism.
Results from our own and other laboratories reveal that cAMP plays a critical role in upregulating the expression of aromatase/increasing estrogen biosynthesis in breast cancer tissue. Several factors have been suggested to induce the level of cAMP in breast cancer tissue. For example, Zhao et al. (1997) suggested that prostaglandin PGE 2 , synthesized in breast cancer cells, induces cAMP response. Furthermore, estrogen is capable of increasing cAMP production in breast cancer cells by stimulating adenylate cyclase (Aronica et al. 1994) . These observations suggest a paracrine loop between estrogen production (by aromatase) and cAMP synthesis in breast cancer tissue.
Differential expression of ERRα-1 and SF-1 in cells
Regulation of aromatase expression in breast tumor is also different from that in other tissues by differential usage of transcription factors. This has been found to be the case for the silencer element.
We recently applied the yeast one-hybrid screening method using a breast tissue library to search for proteins binding to the silencer region, and most proteins identified belonged to the nuclear receptor family. Fifty percent of the positive clones encode for ERRα-1, and other positive clones include EAR-2, EAR-3 (COUP-TF1), RARγ, and p120E4F. As ERRα-1 was found to be the major protein interacting with the S1, we decided to characterize the regulatory action of ERRα-1 on promoter I.3 of the human aromatase gene. Using a reporter plasmid that includes the aromatase genomic fragment containing promoter I.3 and S1, ERRα-1 was found to have a positive regulatory function in breast cancer SK-BR-3 cells (Yang et al. 1998) . Gel mobility shift assays have confirmed that ERRα-1 binds to S1 in a dose-dependent manner and DNase I footprinting analysis has revealed that ERRα-1 binds to a region within the S1, 5'-AAGGTCAGAAAT-3', between +96 bp and +107 bp relative to the transcriptional start site of promoter I.3. Although SF-1 was previously shown to bind to the same site and to function as a CRE in the ovary (Michael et al. 1995 , our yeast onehybrid screening did not find any SF-1 clones. Our RT-PCR analysis was not able to detect SF-1 mRNA in breast cancer tissue and in SK-BR-3 cells. In contrast, our RT-PCR analysis identified ERRα-1 mRNA in 28 out of 32 breast tumor specimens examined (unpublished observations).
The recent study from our laboratory has indicated that ERRα-1 has a positive regulatory effect by interacting with S1. Although it is possible that S1 functions as a positive regulatory element through an interaction with ERRα-1, S1 was previously demonstrated to be a negative regulatory element in several cell lines examined in our laboratory (Wang & Chen 1992 . Our DNase I footprinting analysis has revealed that ERRα-1 binds to the 5'-half region of S1, and at least four proteins were seen in u.v.-crosslinking experiments of S1 using nuclear extract preparations from breast cancer cells and adipose stromal cells . The negative regulatory action of S1 may result from an interaction of ERRα-1 with other nuclear receptors such as EAR-3 (COUP-TF1), which is known to have a negative regulatory function (Klinge et al. 1997) , or with co-repressor proteins. As indicated, we have identified EAR-3 during yeast one-hybrid screening, and initial experiments suggest it has a negative regulation of promoter I.3 in the human aromatase gene (unpublished observations). Gene silencing by EAR-3 is mediated by transcriptional co-repressors, N-CoR and SMRT (Shibata et al. 1997) . Co-repressor proteins such as N-CoR and SMRT have a molecular weight of 150 kDa, and we have detected proteins with a molecular weight of 150 kDa binding to S1 as demonstrated by u.v.-crosslinking experiments . The negative action of S1 may result from complex formation among ERRα-1, other nuclear receptors, and co-repressor proteins. It was previously found that an oligonucleotide with the sequence 5'-CCAAGGTCA-3' (a sequence recognized normally by SF-1 or ERRα-1), at a 50-fold molar excess, was not able to compete with S1 for nuclear protein binding . Interestingly, a 50-fold molar excess of S1, but not the oligonucleotide 5'-CCAAGGTCA-3', was found to compete effectively for nuclear protein binding to a radioactive probe with the sequence of 5'-CCAAGGTCA-3'. These results suggest that additional regions of S1 are involved in the interaction with the silencer-protein complex. This nuclear protein complex has a higher affinity for S1 than the region recognized by ERRα-1 or SF-1. These interactions are being carefully evaluated in our laboratory. It is our current hypothesis that ERRα-1 is a transcriptional activator when binding alone to S1, but its modulating activity can be changed by interacting with co-regulatory proteins.
Perspective
Suppression of in situ estrogen biosynthesis can be achieved by the prevention of aromatase expression in breast tumors. It is our hope that through an understanding of the regulatory mechanism of aromatase expression in breast cancer tissue, a therapy based on suppressing aromatase expression can be developed. During the past 3 years, we have made significant progress in determining the promoters involved in driving aromatase expression in breast cancer tissue and in determining several important regulatory elements that may affect aromatase expression. We have identified several transcriptional factors that bind to these regulatory elements. We anticipate that we will learn a great deal about the regulatory mechanism of aromatase expression in breast cancer tissue by studying the interaction between transcriptional factors and cisregulatory elements in the genomic region containing promoters I.3 and II. Regulation can also result from the interaction of co-regulatory proteins with transcriptional factors, such as the interaction of co-activator proteins or co-repressor proteins with nuclear receptors.
